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ABSTRACT
Brome mosaic virus (BMV) is a positive-sense, single-stranded RNA virus that infects
plants throughout the world, including barley, tobacco, and wheat. Although this virus is
not known for its ability to cause widespread crop damage, researchers frequently utilize
BMV to understand more about other RNA viruses, such as human immunodeficiency
virus. RNA2 of BMV’s tripartite genome contains a sequence that is thought to be
responsible for regulating recombination of RNA3. Currently, there are no studies
investigating this function in the Nicotiana benthamiana plant model. Thus, determining
how the RNA-dependent RNA polymerase of RNA2 influences recombination in this
model will increase understanding of this important mechanism of viral fitness and
evolution. A mutation (DR7) was induced in RNA2 and cloned into Agrobacterium
tumefaciens. Following agro-infiltration into N. benthamiana, total RNA was extracted and
RT-PCR was used to amplify BMV RNA3. Although viral RNA could not be amplified,
this project demonstrated the importance of plant age in the infection cycle of BMV.

INTRODUCTION
Brome mosaic virus (BMV) infects plants throughout the world, including barley,
tobacco, and wheat (Ni et al., 2014; Scholthof et al., 2011). Although this virus is not known for
its ability to cause widespread crop damage, BMV is a positive sense RNA virus that is
frequently used in the laboratory to understand more about RNA viruses, such as human
immunodeficiency virus (HIV; Scholthof et al. 2011). BMV has a tripartite genome that
comprises RNA1, RNA2, and RNA3 (French & Ahlquist, 1987). These genomic RNA molecules
can recombine with each other and host RNA.
Recombination is a process where the RNA polymerase will jump between different
templates when copying regions similar to both molecules (Figlerowicz & Bujarski, 1998; Nagy

et al., 1999). Recombination is also thought to occur in regions where the polymerase must slow
due to cumbersome secondary structures (DeStefano et al. 1992, DeStefano et al. 1994). This
creates RNA molecules that are unique from each parent strand. It occurs in almost all living
organisms as well as viruses. In RNA viruses, recombination provides a means to increase the
fitness of viral offspring by increasing genomic diversity (Burke, 1997). It also provides stability
in that mutations can be suppressed. Studies have shown that BMV capsid protein (CP) aid in
recombination (Sztuba-Sollinska et al., 2012). However, recombination may also be affected by
other portions of the BMV genome, such as RNA2. Determining how these other regions of the
BMV genome influence this process will increase our understanding of this important
mechanism of viral evolution.
RNA2 encodes a RNA-dependent RNA polymerase (RdRp). Given that the RNA
polymerase copies viral RNA, it is instrumental in the recombination process. The reverse
transcriptase utilized by retroviruses (i.e. HIV) functions similarly (Bujarski, 2013). Certain
regions of RNA2 likely regulate recombination (Dzianott et al., 2001; Figlerowicz et al., 1997).
Inducing the DR7 mutation in the middle of the RdRp will provide insight into how that region
affects the recombination of the BMV genome.
There are several important implications of this project. Identifying the function of BMV
RNA2 in recombination will further elucidate a method by which this virus evolves and creates a
genetically diverse population. In addition, learning more about the interactions between regions
of the genome will increase the scientific community’s understanding of BMV replication.

METHODS
Plasmids

Plasmid constructs containing cDNA of the BMV genome were created. A mutation
(DR7) was introduced into a region within the RdRp in RNA2 that is considered important in
determining the frequency of the recombination process. A second version of BMV RNA3 was
generated with additional restriction sites inside a region of high recombination (R series
plasmid). HindIII and a PstI restriction sites was inserted at 780 bp and 1190 bp, respectively.
The RNA3 without restriction sites was termed the K series plasmid. The RNA1, RNA2, DR7
RNA2, and RNA3 cDNAs were incorporated into the vector pCB301 (GBK: AF139061). A
cauliflower mosaic virus 35S promoter was inserted at the 5’-end of the viral cDNA. A
ribozyme, from avocado sunblotch viroid and tobacco ringspot virus satellite RNAs, was inserted
at the 3’-end to promote cis-cleavage of the transcript, a characteristic typical of the 3’-end of
viral RNAs.

Agroinfiltration
Each plasmid was electroporated into separate cultures of Agrobacterium tumefaciens.
Before electroporation, A. tumefaciens was cultured at 28oC for 11 hours in Luria-Bertani (LB)
medium with antibiotics (50 µg/mL kanamycin, 50 µg/mL carbenicillin). The cultures were
centrifuged (25oC, 10 min., 6000 rpm) and the supernatant removed. The pellet was then resuspended in agroinfiltration buffer (200 µM acetosyringone, 10 mM MES, 10 mM MgCl2, pH
6.8). Cultures were combined to create bacterial solutions containing each plasmid type.
Solution
A
B
E

RNA1
x
x
x

RNA2 (wt)
x

RNA2 (DR7)
x

x

RNA3 (R)
x
x
x

Table 1: A. tumefaciens solutions utilized for agroinfiltration.

RNA3 (K)
x
x

Solution A, B, and E are the positive control, experimental group, and negative control,
respectively. One month old Nicotiana benthamiana plants were divided into three groups of 7-8
plants. Each solution was injected into the underside of each leaf using a 1 mL syringe (with the
needle removed) until the solution had spread across the entire leaf surface. These leaves were
harvested at 6 and 11 days post-infiltration.

Total RNA Extraction
Before total RNA extraction, the leaves of each group were combined, frozen, and
ground to powder. 0.1 g of plant material was added to 600 µL of extraction buffer (1% sodium
dodecyl sulfate, 5 mM glycine, 5 mM NaCl, and 1 mM EDTA). RNA was extracted by adding
an equal volume of saturated phenol. After centrifugation (14000 rpm, 4 min., 4C), the upper
phase was transferred to 600 µL phenol/chloroform, vortexed, and centrifuged (14000 rpm, 4
min., 4C). The upper phase was transferred to an equal volume of chloroform, vortexed and
centrifuged (14000 rpm, 4 min., 4C). The upper phase was finally transferred to 1.2 mL of
ethanol and stored at -20C overnight. This solution was centrifuged (14000 rpm, 30 min., 4C)
and decanted, leaving an RNA pellet. The pellet was dried and re-dissolved in RNase-free water.

RT-PCR
5 l of the total RNA extract were used for the reverse transcription reaction of the BMV
RNA3 molecule. M-MLV reverse transcriptase (Promega) was utilized at standard conditions
(37C for 1 hr., 95C for 5 min.). GoTaq polymerase (Promega) was used for the polymerase
chain reaction (94C for 2 min.; 30 cycles of 94C for 2 min., 60C for 30 sec., 72C for
extension for 2.5 min.; and 72C for 10 min.). The forward and reverse primers utilized were

complementary to the extreme 5’ and 3’-ends, respectively. Gel electrophoresis allowed the
visualization of the RT-PCR product before moving on to the next step.

RESULTS
Extracting total RNA from Nicotiana benthamiana yielded a solution of a yellow-orange
color. It contained a wide variety of RNA lengths that are thought to be plant mRNA and rRNA,
primarily. A very faint band was detected by an RNA gel around 2200 bp, which is the size
BMV RNA3. However, the diversity of host RNA present made it difficult to make certain that it
was viral RNA. The absence of bands far downfield on the gel indicated that very little
degradation had occurred during the extraction and purification process.
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Fig. 1: RNA gel electrophoresis of total RNA extract from Nicotiana benthamiana. Lanes 1-3 contain
the positive control, DR7 mutant, and negative control at 6 dpi, respectively. Lanes 5-7 contain the same
samples at 11 dpi. Lane 4 is BMV RNA, which allows the approximate size of the other bands to be
estimated.

Despite repeated attempts, efforts to selectively amplify BMV RNA3 through RT-PCR
failed. The positive control worked for each RT-PCR attempt. However, only small fragments,

approximately 500 bp long, were produced from each sample. These were likely due to small
amounts of non-specific amplification of host RNA.
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Fig. 2: DNA gel of the RT-PCR product from the total RNA extract. Lanes 1-3 contain the positive
control, DR7 mutant, and negative control at 6 dpi, respectively. Lanes 4-6 contain the same samples at
11 dpi. Lane 7 is amplified BMV RNA3, which was the positive control for the RT-PCR. Lane 8 is the
RT-PCR negative control and lane 9 is the 1 kb ladder.

DISCUSSION
Brome mosaic virus has been widely studied to elucidate the replication mechanisms of
positive-sense, single-stranded RNA viruses (Bujarski, Front Plant Sci. 2013). Recombination is
essential for all RNA viruses as a tactic to maintain genome stability. It also serves to increase
the diversity of the genome by allowing interaction with foreign RNA molecules, creating viral
strands that encode novel proteins. The role of the host and viral factors in the recombination
process is not fully known. Thus, investigating the effects of components, such as BMV’s RNAdependent RNA polymerase, will help scientists better comprehend this process that is important

to viral evolution. This is the first study seeking to identify the effect of the DR7 mutation on
recombination levels in the Nicotiana benthamiana plant model.
One of the primary reasons why viral RNA could not be amplified may be the age of the
plant hosts at the time of inoculation. Previous studies have indicated that the age of the plant is
inversely correlated with the ability of the virus to infect the plant. Although the mechanism
behind this trend has not been thoroughly studied, it has been observed in several plant systems,
including Chenopodium quinoa, barley, and tobacco. If this model is accurate, little viral RNA
was present in the plant leaves at the time of extraction. Attempting to remedy this problem
would involve restarting the project from the beginning and utilizing younger plants for
inoculation.
Another explanation could be that the yellow-orange color of the total RNA extract had
an inhibitory effect on the RT-PCR process. As the plant ages, an increasing amount of
secondary metabolites accumulate within the cytoplasm. These cause a brown-orange color in
solution. When the RNA was extracted, the compounds were not removed through the
purification process and, in turn, adversely affected reverse transcriptase. Additional purification
steps could be performed to decrease the concentration of these compounds but increasing the
rigor of the purification may also decrease RNA concentration. Finding a solution to the RTPCR issue is essential for completing this investigation of recombination and RNA polymerase.
This study raised several research questions for future investigation. Comparing the
recombination frequency of the BMV genome between several plant hosts would show how the
mechanism of replication and recombination varies from host to host. Additionally, investigating
the effect of other host and viral components of the replication system on recombination will
further elucidate how this virus propagates.
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